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Introduction

During the last decade, increasing attention has been paid
to discotic aromatic compounds that form columnar liquid

crystals because the overlap of p orbitals results in one-di-
mensional semiconductors with a better performance than
conjugated polymers. Discotic liquid crystals have already
found applications as active components in organic light-
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emitting diodes,[1,2] photovoltaic cells[1,3] and field effect
transistors.[1,4] Common features that impact on the device
performance are charge injection or collection at the elec-
trodes and charge transport in the bulk material. The latter
depends on the degree of order within the columnar stack
and thus on the overlap between the p-orbitals. Charge-car-
rier mobilities of 0.1 cm2 V�1 s�1 have been measured for
hexahexylsulfanyltriphenylene[5] in its highly ordered helical
columnar H-phase, and even higher mobilities, up to
0.5 cm2 V�1 s�1, have been recorded for liquid crystalline hex-
abenzocoronene derivatives.[6] These electron-rich mesogens
are p-type semiconductors,[7] thus promoting efficient hole
transport. Although many aromatic discotic mesogens are
known today, only few of them show n-type semiconducting
properties.[8] The lack of efficient organic electron transport-
ers originates from various factors: 1) the high reactivity of
radical anions with impurities, such as water and oxygen,[9,10]

2) the low energy of the lowest unoccupied molecular orbi-
tal (LUMO), which should be close to the work function of
the metal used as the anode for electron injection, and
3) the generally smaller electronic splitting of the LUMO
level compared to the highest occupied molecular orbital
(HOMO), which is a measure of the charge-transfer effi-
ciency between adjacent aromatic cores in the columns.[11]

Most of the existing columnar electron carriers are designed
by substitution of aromatic CH groups of the core by nitro-
gen atoms,[12] lateral substitution with electron-withdrawing
groups, such as carboxyl groups,[13] amides and imides,[14, 15]

or by combining the two principles,[15] that is, by the use of
nitrogen-containing aromatic cores with electron-withdraw-
ing substituents. For all these discotic mesogens, attempts
have only been made to increase the electron-deficient
nature of their aromatic cores. Little attention has been de-

voted to the optimisation of the parameters favouring the
migration of electrons down the stack by a hopping mecha-
nism where charges jump from disk to disk to yield a cur-
rent. The most relevant parameters have been described by
recent quantum-chemical calculations within the framework
of the Marcus theory and correspond to: 1) the LUMO
splitting corresponding to twice the transfer integral t for
electrons, and 2) the internal reorganisation energy l, associ-
ated with the geometric distortions induced by the hopping
to go from the neutral state to the radical anion (l1) for one
molecule and from the radical anion to the neutral state (l2)
for the other molecule.[11, 16] The amplitude of land t dictates
the hopping frequency. A large hopping rate, and hence a
high mobility, requires small values for l and large values
for t. An attempt to take account of the mentioned require-
ments in the design of an electron-carrier material has been
made by the synthesis of new electron-deficient hexaazatri-
naphthylene derivatives 1 (Scheme 1), which have been re-
cently reported by our group.[17] Six alkylsulfanyl chains
were laterally attached to the core in order to obtain colum-
nar liquid crystalline phases and to increase the solubility in
common solvents. The mesomorphism has been shown to
depend strongly on the chain length, which has been in-
creased from hexyl, to octyl, to decyl and finally to dodecyl
chains. Preliminary examinations of the surface potential
decay on drop-cast, non-oriented samples of 1 suggest that
both negative and positive charges are mobile in the materi-
al.[7] In the present work, we will elaborate on the design
principles for molecules 1 and will demonstrate their elec-
tron-deficient nature by means of cyclic voltammetry. The
phases were identified by polarised optical microscopy
(POM), differential scanning calorimetry (DSC) and X-ray
diffraction. The latter was carried out on powder samples
during consecutive heating and cooling cycles and is comple-
mented by diffraction patterns on extruded fibres, obtained

Abstract in French: L’hexaazatrinaphthyl�ne substitu� par
six cha�nes alkylsulfanyls forme potentiellement de nouveaux
mat�riaux transporteurs d’�lectrons. Ces mol�cules ont �t�
synth�tis�es avec diff�rentes longueurs de cha�nes alkyl:
hexyl, octyl, decyl et dodecyl. La nature �lectrod�ficiente est
d�montr�e par voltamp�rom�trie cyclique. Le comportement
thermotrope de ces mat�riaux a �t� �tudi� par calorim�trie
diff�rentiel � balayage et par microscopie optique � lumi�re
polaris�e. La d�pendance en temp�rature de l’organisation
supramol�culaire des mol�cules discotiques a �t� explor�e au
moyen de la diffusion de rayons X sur des �chantillons en
poudre et orient�s. En plus des diff�rentes phases cristal liqui-
des colonnes (Colhd, Colrd), l’existence d’une phase cristal
plastique anisotrope est d�montr�e. La mobilit� des porteurs
de charge a �t� mesur�e par la m�thode de “pulse-radiolysis
time-resolved microwave conductivity”. Les mobilit�s sont
plus �lev�es pour les phases cristallines que pour les phases
cristal liquides avec, respectivement, des valeurs maximum
proches de 0.9 et 0.3 cm2 V�1 s�1 pour la mol�cule avec des
cha�nes decylsulfanyls. Les mobilit�s d�pendent fortement de
la nature des cha�nes lat�rales. Scheme 1. Hexaazatrinaphthylene 1 derivatives as electron-deficient

mesogens.
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at selected temperatures, at which distinct mesophases are
present. The structural data are then related to the charge-
carrier mobilities measured by the pulse-radiolysis time-re-
solved microwave conductivity (PR-TRMC) technique.

Results and Discussion

Molecular design : The molecular design of compounds 1
was based on several requirements: 1) The p-conjugated
core should be electron deficient to ease electron injection
or collection at the electrode and to stabilise the radical
anion (negative polaron) with respect to reactions with
water or oxygen. 2) The shape of the LUMO orbital should
lead to a favourable overlap between adjacent disks within
the columns, and thus to a large transfer integral t. More-
over, the orbital overlap should be rather insensitive to the
rotational and translational disorder characteristic of colum-
nar stacks. 3) The molecular structure should exhibit low re-
organisation energy l. 4) The attachment of flexible chains
should induce liquid crystal (LC) behaviour by microsegre-
gation of the rigid aromatic core and the flexible aliphatic
chains, and lead to self-healing columnar assemblies with
high intracolumnar order, that is, a regular, preferably co-
planar stacking of aromatic cores with small interdisk dis-
tance. 5) The synthesis should deliver the target molecules
by a short and efficient route and with high purity.

Molecule 1 has been designed based on the above-men-
tioned requirements. The LUMO level has been lowered in
energy by the incorporation of six nitrogen atoms into the
central core. Six sulfur atoms have also been attached to the
periphery of the aromatic system since they are known to
stabilise radical anions.[18] The favourable orbital overlap is
achieved by the fact that the six carbon atoms of the central
ring as well as the six nitrogen atoms have the same sign in
the LCAO pattern (Figure 1); as a result, the rotation does
not introduce a mixing between bonding and antibonding
overlaps and hence does not lead to vanishingly small split-
tings, as illustrated in Figure 1. The molecules should also
display a small internal reorganisation energy l during the

hopping process. Reorganisation energies have been recent-
ly discussed for various aromatic cores.[19] The following
trends have been derived: 1) l decreases with increasing
core size, 2) sulfur at the periphery is preferred over oxygen,
and 3) introduction of nitrogen atoms into the aromatic core
leads to an increase of l. A reorganisation energy of 0.11 eV
has been calculated for negative polarons (radical anions) in
1 with six SH groups,[19] which is rather low and comparable
to the reorganisation energy calculated for positive polarons
in a large and efficient hole carrier, such as hexabenzocoro-
nene (HBC). For the sake of comparison, we emphasise that
the reorganisation energy for negative polarons amounts to
0.24 eV for a triphenylene molecule substituted by six SH
groups.

As already mentioned, LC behaviour is generally induced
by attachment of flexible chains to the rigid core. A series
of saturated chains of different lengths ranging from hexyl-
sulfanyl to dodecylsulfanyl have been linked to the periph-
ery of 1 in order to systematically study the LC behaviour
and phase structures of the disks because the supramolec-
ular self-assembly of mesogens can not be accurately pre-
dicted as yet. Furthermore, aliphatic chains also increase the
solubility and hence the processability of the molecules
from solution. Finally, electron-carrier mesogen 1 can be
synthesised by an efficient two-step synthesis, which facili-
tates structural variation of the side-chains and preparation
of the material on the multi-gram scale.[17] All compounds
have been exhaustively purified by chromatography and
crystallisation procedures (see the Experimental Section).

Cyclic voltammetry : The investigation of the p-deficient
character and the stabilisation of radical anions of 1 a has
been carried out by cyclic voltammetry. The electrochemical
features of these derivatives were probed at room tempera-
ture (RT) in a dichloromethane solution versus the standard
calomel electrode (SCE) with a glassy carbon electrode at a
scan rate of 200 mV s�1. It has been found that these mole-
cules show three reduction waves centred at approximately
�1.09, �1.35 and �1.60 V (Figure 2), which probably arise
from the formation of the corresponding mono-, di- and tri-

radical anions. No oxidation
waves have been observed
below + 2 V, highlighting the
mainly reducible nature of
these compounds. With respect
to the nature of the reduction
processes when recorded at dif-
ferent scan rates, one could
expect a relatively long lifetime
for the radical anion species.
This can be accounted for by
the ability of the alkylthio later-
al groups to stabilise radical
anions.[18] Despite the tendency
of these large discotic mesogens
to stack in solution to form ag-
gregates,[17] no remarkable

Figure 1. Left: shape of the LUMO orbital of HATNASH; the colour and the size of the balls correspond to
the sign and the amplitude of the LCAO coefficients, respectively. Right: INDO-calculated evolution of the
HOMO (*) and LUMO (&) splittings in a cofacial dimer consisting of two HATNA molecules as a function of
the rotational angle between the disks.
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changes were observed in their electrochemical behaviour
over a range of concentrations in dichloromethane (10�3–
10�4 mol L�1). However, even in this concentration range
and under the conditions of the cyclic voltammetric meas-
urements, aggregates are present as evidenced by 1H NMR
studies (see the Supporting Information). Consequently, the
electron affinity (EA) and the LUMO energy level cannot
be estimated according to the equation EA = (Ered +

4.75)[20] for a single molecule. Owing to the low reduction
potential of �1.09 V, it is anticipated that electrons can be
easily injected in these disklike molecules and that these
compounds could be good candidates for applications as
electron conducting layers in electronic devices. In such de-
vices, traces of water and oxygen will strongly influence the
electron transport, thus n-type material of satisfactory stabil-
ity would be desirable. A stability window versus water and
oxygen for semiconducting ma-
terials has been defined by
de Leeuw et al.[9] According to
their work, n-type doped semi-
conductors are stable with re-
spect to water if the oxidation
potential of the radical anion is
higher than �0.66 V (SCE),
and stable with respect to
oxygen if it is higher than +

0.57 V (SCE). The hexaazatri-
naphthalene derivatives 1 with
a first reduction wave at
�1.09 V are out of this window
and presumably will only be
useful in water- and oxygen-
free electronic devices.

Differential scanning calorime-
try and polarised optical micro-
scopy : Table 1 summarises the
data on the thermotropic be-

haviour of the studied compounds. The structure assignment
of the LC phases is based on X-ray data presented in detail
below. As previously emphasised,[17] compounds 1 a–d show
a complex polymorphism, especially for molecules with in-
termediate chain lengths. Some transitions at high tempera-
ture (1 c, d) are not apparent in the DSC thermograms, and
can only be identified by X-ray diffraction. Such a behaviour
has already been observed for other discotic mesogens, such
as tetrabenzocyclodecatetraene.[21] Note that compounds
1 a–d begin to decompose at approximately 250 8C before
clearing into an isotropic phase. Therefore, the samples
were not heated above 230 8C. The inability of cooling from
the isotropic phase prevents the observation of characteristic
textures in polarised optical microscopy (POM). However,
all phases referred to as mesophases exhibit two inherent
properties of liquid crystalline material: birefringence and
fluidity. Uniform, unspecific textures could be only obtained
when the material was oriented by shearing in the hexago-
nal phase; upon cooling to the lower transitions, very small
domains were again formed, which could not be attributed
to a typical texture. At all lower transitions passed during
cooling of 1, no significant changes of the texture could be
observed. Up to five consecutive heating and cooling cycles
were performed in DSC. The reproducibility of the transi-
tion data demonstrates the reversibility of the LC transitions
and the stability of the material from room temperature to
230 8C.

The simplest phase behaviour was obtained for 1 a. After
purification of the crude material, a mixture of crystalline
phases is observed, as revealed by two endothermic transi-
tions at 155 8C and 205 8C. Upon heating above 205 8C, the
material forms a fluid LC phase. Subsequent cooling and
heating cycles lead only to the more stable crystalline phase
(Cr1), which melts at 206 8C, and the high-temperature mes-
ophase. For the other molecules 1 b–d, the crystals formed

Figure 2. Cyclic voltammogram of HATNA derivative 1a in CH2Cl2

(10�3 mol L�1) at a scan rate of 200 mV s�1.

Table 1. Thermotropic behaviour of mesogens 1 studied by means of differential scanning calorimetry (DSC)
at a heating rate of 10 8C min�1.

Compound DSC trace Phase transitions, transition temperature
(onset) [8C]/transition enthalpy [kJ mol�1][a]

1a 1st heating Cr0
[c] 155/10.0 Cr1 205/23.7 Colhd

1st cooling Colhd 196/�26.5 Cr1

2nd heating Cr1 206/26.4 Colhd

1b 1st heating Cr0 148/39.5 Cr1 175/13.6 Colhd

1st cooling Colhd 174/�12.5 Cr1 43/�7.6 Cr2

2nd heating Cr2 77/5.6 Cr3 –/–[e] Cr4 142/14.0 Cr1 178/13.5 Colhd

1c[d] 1st heating Cr0
[c] 95/112 Cr1 113/10 X/Colrd0 134/1.0 Colrd1 181/0.2 Colrd2 222/– Colhd

1st cooling Colhd –/–[b] Colrd2 181/�0.3 Colrd1 128/�1.8 Colrd0/X 95/�3.7 Cr2 17/�28.1 Cr3

2nd heating Cr3 26/4.5 Cr4 40/18.4 Cr5 50/�24.1 Cr1 116/30.6 X 134/1.6 Colrd1 180/0.4
Colrd2 –/–[b] Colhd

1d[d] 1st heating Cr0 90/134 Colrd 149/–[b] Colhd

1st cooling Colhd 147/–[b] Colrd 79/�32.4 Cr1

2nd heating Cr1 99/31.7 Colrd 149/–[b] Colhd

[a] The crystal phases Crx have been numbered in the order of their appearance during the heating and cooling
cycles. [b] The transition to the hexagonal phase has been detected in X-ray measurements during the first
heating phase. [c] In the first heating phase (after synthesis), a mixture of different crystal modifications is ob-
tained. However, there is one dominant structure, as shown by X-ray studies. [d] The transition to the hexago-
nal columnar phase has only been observed by X-ray diffraction. [e] Slow crystallisation is observed after the
endothermic transition at 77 8C.
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during the purification procedures (Cr0) differed from the
crystal phases obtained after the first heating cycle (Cr1), a
result not only evident from X-ray data (vide infra), but also
by comparison of transition temperatures and enthalpies
corresponding to the first heating and subsequent cooling
and heating traces: melting and crystallisation enthalpies
and temperatures show large deviations, thus indicating that
the transitions are not reversible. During the second heating
phase, compound 1 b exhibits a low-temperature crystal
phase (Cr2). After complex melting and crystallisation proc-
esses (Cr3, Cr4), followed by a high-temperature modifica-
tion (Cr1), the material transforms into a LC phase at
178 8C.

The most complex polymorphism is found for 1 c. The
metastable Cr0 melts at 95 8C and partially forms a Cr1

phase, which melts at 113 8C, followed by the formation of
various mesophases. In the DSC trace, two transitions with
very small enthalpies were observed during heating and
cooling above the melting temperature of Cr1. The phase be-
tween 115–134 8C is waxy and assigned as an X phase, which
could be an anisotropic plastic crystal.[22] On cooling the X
phase, a relatively small enthalpy (�3.7 kJ mol�1) is mea-
sured for the transition to the crystal (Cr2) at 95 8C and a
further crystallisation is observed below room temperature.
The subsequent heating trace exhibits two endothermic sig-
nals at 26 8C and 40 8C. The material then exhibits crystalli-
sation on heating at 50 8C to yield the Cr1 phase, which
melts again at 116 8C to assemble in the mesophase. Because
the small transition enthalpy in the cooling trace at 95 8C is
rather unusual for a crystallisation, and owing to the large
enthalpy difference between crystallisation X/Cr2

(�3.7 kJ mol�1) and melting Cr1/X (30.6 kJ mol�1), the tem-
perature range between 70 and 120 8C has been investigated
in more detail (for DSC traces see the Supporting Informa-
tion). When directly heated after cooling to 70 8C, the mate-
rial shows only a relatively small enthalpy change of
17.3 kJ mol�1 on transforming into the X phase. In addition
to the transition at 116 8C, a shoulder with an onset at
112 8C is visible, which is attributed to the Cr2/X transition.
After annealing the sample at 70 8C for 30 min, the heating
trace exhibits only a large transition at 116 8C
(36.1 kJ mol�1). Thus, on cooling the X phase, a crystal
phase Cr2 forms, which is metastable and slowly transforms
into the more stable Cr1 phase. The crystalline character of
Cr2 is supported by its rigidity in POM studies and its large
thermal hysteresis of 17 8C. The small enthalpic change (X/
Cr2) suggests that the plastic X phase and the metastable
Cr2 phase do not have large structural differences.

Compound 1 d displays an even simpler thermotropic be-
haviour. In the first heating phase, a large endothermic peak
is associated with the melting of the Cr0 phase. Further cool-
ing and heating traces show relatively smaller transition en-
thalpies for the single transition observed close to 100 8C.
Although the material looks pasty, the large hysteresis of
20 8C and a relatively large transition enthalpy of approxi-
mately 32 kJ mol�1 suggest the existence of a crystalline
phase at low temperature. Above the melting temperature,

only one LC phase is determined by DSC. However, tem-
perature-dependent X-ray powder diffraction reveals the
formation of a second LC phase above 149 8C, as discussed
below.

X-ray diffraction

Powder X-ray diffraction of compound 1d : We will first
focus on compound 1 d, which yields the most instructive X-
ray results. Figure 3a and 3b show the DSC curves, and the
corresponding temperature-dependent powder X-ray pat-
terns, respectively, of 1 d. The first X-ray diffractogram (A)
(Figure 3b) of the as-prepared sample was recorded at room
temperature before the first heating phase. The material is
clearly in a crystalline phase (Cr0), although the indexation
could not be unambiguously established.[23] However, at
wide angles the large reflection at d = 3.85 � and the some-
what weaker reflection at 3.73 � are reminiscent of the 110
and 200 peaks typically found for HDPE.[24] The less intense
reflection at 3.5 �, which is a typical intermolecular distance
in p stacks,[25,26] could be associated with the regular organi-
sation of the aromatic cores. The second pattern (B) was
also recorded at low temperature, but after completion of
the first heating and cooling cycle. The original structure
(Cr0) is not recovered on cooling and the absence of a sharp
peak in the wide angular range provides evidence that a reg-
ular p-stacking of aromatic cores is not present in this
phase. The X-ray results for the LC phases forming above
the melting point at 99 8C are shown in the following five
diffraction patterns reported in Figure 3b (C–G). The wide-
angle region of all patterns consists of only a broad halo,
which can be attributed to the average distance between the
liquid-like aliphatic side chains. The absence of mixed re-
flections hkl demonstrates the disappearance of positional
long-range order of the 3D lattice, and consequently, the
formation of a LC phase. In contrast to the invariance of
the scattering at wide angles, the small-angle region shows
considerable temperature dependence. The structure of the
low-temperature mesophase was analyzed using diffracto-
gram C, recorded just before the LC/Cr transition when
cooling the material to 100 8C. The X-ray pattern shows a
series of five reflections which can be indexed according to
a primitive rectangular unit cell (a = 46.6, b = 27.6 �; two-
dimensional lattice type p2gg ; see Table 2 and Figure 5C).
In the second heating trace, the 120 and 410 reflections dis-
appear at high temperature. The size of the unit cell slightly
expands, as indicated by a shift of the remaining reflections
to smaller s values, corresponding to larger Bragg distances.
At 149 8C, the 210 reflection, which determines the rectan-
gular symmetry of the two-dimensional lattice, vanishes and
only two reflections, whose reciprocal spacing follows the
ratio 1:

p
3 persist. Therefore, the columnar mesophase is

hexagonal (Colh) above this temperature. This transition,
which was not observed during DSC measurements, was re-
produced by X-ray diffraction at the same temperature in
the second heating phase, thus excluding a degradation
effect by heat or radiation.
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X-ray diffraction of an oriented fibre of 1d : A small intra-
columnar distance between adjacent discotic molecules is es-
sential for efficient charge-transport properties. However,
the powder diffraction measurements display neither a re-
flection at wide angles, normally attributed to a well-defined
intra-columnar stacking distance, nor a pronounced shoulder
to the halo region, typically attributed to the average dis-
tance between disks. A second broad halo, which decreases
with increasing temperature, is obtained at about 8.7 � and
has not yet been discussed. To obtain more information on
the structure of the mesophase, 2D X-ray studies on samples
aligned by extrusion of thin filaments have been carried out.
The results obtained are presented in Figure 4. A good
alignment of columns along the fibre direction in the rectan-

gular phase at 135 8C (Fig-
ure 4a) is demonstrated by the
fact that all reflections (200,
110, 210 and 020) related to the
rectangular 2D lattice of the
columns are located on the
equator of the X-ray pattern.
The diffuse peak at 8.7 � can
be found on the meridian and is
attributed to the disordered
stacking of mesogens along the
columns.[27] The splitting into
four maxima on both sides of
the meridian is attributed to a
tilt of the disks of �238 (struc-
ture C in Figure 5). The large
intra-columnar distance can be
explained if nearest neighbours
are displaced along the colum-
nar axis. Figure 5 presents two
possible explanations for this
observation. Adjacent meso-
gens can be translationally dis-
placed, as depicted in struc-
ture A, or they can be rotation-
ally displaced (staggered) as il-
lustrated in structure B. These
two schematic drawings show
only extreme situations and a
combination of both is most
probably present in the LC
phase.[28] In either case, the dis-
tance between the closest aro-
matic planes amounts to 4.4 �.
In addition to the equatorial
and meridional features, there
is a halo with a maximum at
4.5 �. Its intensity is not circu-
larly distributed, as expected
for liquid-like aliphatic chains,
but exhibits a set of four, rather
intense diffuse maxima at an
angle of 608 with respect to the

meridian. These results can be explained if aliphatic chains
are partially oriented and tilted by approximately 378 rela-
tive to the aromatic plane.[25] At larger angles, a set of four
very diffuse reflections at 3.7 � is observed. The origin of
these features has not been unambiguously established yet;
however, the distance is close to the van der Waals distance
between sulfur atoms[26] and may be thus related to short-
range order of the sulfur atoms at the periphery of the aro-
matic cores. Figure 4b shows the two-dimensional diffraction
pattern of 1 d in its hexagonal phase at 170 8C. Here, no in-
tense signals on the halo related to a preferred orientation
of the aliphatic chains can be identified, which implies a
more liquid-like organisation of these molecular segments.
The splitting of the diffuse signal at 8.7 � has also disap-

Figure 3. a) DSC traces and b) temperature-dependent synchrotron radiation X-ray powder diffraction pat-
terns of 1d, both at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic
scale.
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peared, thus indicating that the mesogens are no longer
tilted with respect to the columnar axis in the Colhd phase.

X-ray diffraction of compound 1c : Results similar to 1 d
have been obtained for molecule 1 c (Figure 6). After syn-
thesis, a Cr0 phase is formed.[23] Although relatively intense
signals at 3.89 � and 3.81 � (Figure 6b) are observed,[24] the
reflection at 3.5 � is attributed to regular p-stacking. As in
the case of 1 d,[23] oriented samples of 1 c could not be ob-
tained in the Cr0 phase because the latter is not recovered
after heating to 210 8C and subsequent cooling to room tem-
perature. After the Cr0 phase melts at 95 8C, a Cr1 phase has
partially formed (Figure 6a, first heating). The Cr1 phase is
not fluid, although the broad halo and the absence of other
reflections in the wide-angle region indicates disorder of the
aliphatic chains (Figure 6b, pattern B). At 116 8C, a meso-

phase X is generated, which is
waxy and can be sheared be-
tween glass plates. This phase
has been additionally studied
with a q,q-diffractometer (Fig-
ure 7b). Columns are arranged
on a primitive rectangular lat-
tice, which is determined by six
reflections in the small-angle
range (Table 2). Because only a
halo corresponding to liquid-
like aliphatic chains is observed
at wide angles, it was suggested
that this phase has a LC charac-
ter. However, the investigation
of an oriented fibre reveals
three rather sharp reflections at
medium angles, which are relat-
ed to order along the columns
(Figure 7b). Two of them are
reflections with mixed indices
hkl, indicating the crystalline
nature of the phase. The third
reflection is indexed as 001 and
displays a periodicity of 9.1 �
along the columns. As for 1 d in
its Colrd phase, the closest
mesogens 1 c are distinguished
by means of X-ray studies, and
the distance between nearest
neighbours amounts to 4.5 �.
Despite the three-dimensional
order of the aromatic cores, the
waxy consistency of the materi-
al points to an anisotropic plas-
tic crystalline phase.[29] When
heated above the transition
temperature of 134 8C, a rectan-
gular LC phase forms. Previous-
ly, the mesophase between 134
and 181 8C was indexed accord-

ing to an oblique phase.[17] In principle, oblique or rectangu-
lar symmetry may explain the three reflections at small
angles found in the powder pattern (Figure 6 and Table 2).
However, since the unit cell is clearly primitive rectangular
for derivative 1 d, which has only two more methylene units
per chain, we reassign this mesophase to a rectangular,
primitive organisation of columns. The study of oriented
fibres shows a splitting of the diffuse signal at 8.1 � into a
set of four reflections along the meridian and indicates that
molecules are tilted by approximately 228 in the Colrd1

phase. It should be noted that, although there is a difference
in structure between the X and Colrd1 phases, the small ther-
mal hysteresis of only 6 8C and the low enthalpy change of
1.6 kJ mol�1 demonstrates the intermediate nature of X be-
tween a crystal and a liquid crystal (Colrd). The cell parame-
ters of the Colrd phase only change gradually with tempera-

Table 2. Results of temperature-dependent X-ray measurements on powders and oriented fibres.

Compound Mesophase hkl dexp [�] dcalcd [�] Lattice parameter [�] 1calcd
[c] [gcm�3]

1a Colhd 100 20.5 – a = 23.6 1.03
(220 8C) 4.5 (halo) c~3.6

3.6 (shoulder)
1b Colhd 100 21.6 – a = 25.0 1.04

(190 8C) 4.7 (halo) c~3.7
3.7 (shoulder)

1c X[a] 010 24.4 – a = 37.6 1.13
(134 8C) 110 20.0 20.5 b = 24.4

200 18.8 – c = 9.1[b]

020 12.4 12.2
300 12.5
230 9.1 8.7
001 9.1[b] –
201 8.2[b] 8.2
211 7.7[b] 7.7

4.6 (halo)
Colrd1

[a] 200 22.3 – a = 44.6 1.00
(170 8C) 110 21.2 – b = 24.1

210 16.3 16.4 c~8.7[b]

001 8.1 (split)
4.6 (halo)

Colrd2
[a] 200 22.7 – a = 45.5 0.91

(210 8C) 110 22.7 – b = 26.2
210 17.2 17.2 c~8.7[b]

8.1 (diffuse) –
4.7 (halo)

Colhd 100 23.0 a = 26.6 0.92
(225 8C) 8.4 c~8.4

1d Colrd 200 23.2 23.7 a = 46.4 0.87
(100 8C) 110 23.2 23.2 b = 27.6

210 17.8 17.8 c~9.5[b]

020 13.7 13.8
120 13.1 13.2
410 10.8 10.7
001 8.7 (split) –

4.6 (halo) –
Colhd 100 24.7 – a = 28.5 0.91
(165 8C) 110 14.3 14.3 c~8.2

8.2 –
4.6 (halo)

[a] Data from measurements with a q/q diffractometer. [b] Intracolumnar distances assigned by means of
measurements on oriented fibres, taking into account the tilt of the mesogens. [c] Density calculated with r =

Z � M/(NA�Vunit cell) ; Z number of molecules in the unit cell, M Molecular weight and NA Avogadro constant.
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ture. Although a small transition occurs at 181 8C
(0.3 kJ mol�1) in the DSC curves, no discontinuous structural
changes have been detected by powder diffraction
(Figure 6). With increasing temperature, the reflection at
8.1 � becomes more diffuse and the splitting disappears. At
222 8C, only one main reflection is observed at 23 �, which
can, in principal, be attributed to a lamellar columnar or a
hexagonal columnar phase. Interestingly, similarly to 1 d, no
peak in the DSC is observed at the transition (�222 8C) to
the high-temperature mesophase. By analogy to 1 d, the
high-temperature mesophase of 1 c could be a hexagonal
phase, although a 110 reflection is not present. Owing to the

decomposition of the molecules before the clearing, no typi-
cal texture has been obtained that could help to distinguish
between hexagonal and lamellar assemblies.

X-ray diffraction of 1a and 1b : X-ray patterns in the LC
phases of the two smallest molecules, 1 a and 1 b, show only
one reflection (Figure 8a, patterns C and D, as well as Fig-
ure 8b, patterns D and E) and, as is the case for 1 c, no un-
ambiguous structural assignment can be made. The absence
of a diffuse signal at about 8.7 � and the more pronounced
shoulder of the halo between 3.5–3.7 � for 1 a and 1 b in
their LC phases indicate that adjacent molecules cannot be
distinguished within the columns by X-ray investigations.
This is probably caused by the relatively faster dynamics of
the molecules compared to the derivatives 1 c and 1 d with
longer chains. However, the small inter-molecular distance
of 3.5–3.7 � compared to 4.1 � in 1 c and 1 d seems to be
unreliable and could be an effect of overlapping intensities
originating from p stacks and from short-range correlations
between sulfur atoms, as discussed for the 2D X-ray pattern
of 1 d. At lower temperatures, the two compounds form
crystalline phases. As already mentioned, 1 a is obtained in
one principal crystal modification after synthesis. Additional
minor reflections in the powder pattern of the untreated ma-
terial show that there is a small amount of at least one other
metastable crystal modification (Figure 8a, pattern A). After
the first heating phase, these reflections disappear and only
Cr1 is present (Figure 8a, pattern C). X-ray studies of orient-
ed fibres reveal a periodicity of 9.4 � along the fibre axis.[30]

The unit cell is body-centred because only reflections fol-
lowing the rule h + k + l = 2 n are observed, thus rational-
izing that only the 002 reflection appears on the meridian.
In contrast to diffraction patterns obtained in the LC phases
of 1 c and 1 d, where the set of four reflections in the range
of 8–9 � indicates a tilt of the mesogens, a similar pattern
observed for 1 a corresponds to the mixed reflections 202
and 022. The mesogens of adjacent columns would be shift-
ed by c/2 to form a body centred unit cell containing four
molecules. Compound 1 b shows a more complex behaviour
in its crystal phases at low temperature as also revealed by
DSC studies. X-ray analysis indicates a transformation from
the Cr0 to the Cr1 phase at 150 8C in the first heating phase.
The pattern of Cr0 (Figure 8a, pattern A) shows a signal at
3.8 �, and additional reflections at wide angles, which could
be related to a regular p-stacking, have not been detected.
In the Cr1 phase at 160 8C (Figure 8a, pattern B), the reflec-
tion at 3.8 � has disappeared. The broad halo relates to rel-
atively disordered alkyl chains. However, at small angles,
there is a series of relatively sharp reflections that accounts
for the crystalline character of the phase.[30]

As discussed before, the structures of the high-tempera-
ture mesophases of 1 a--1 c could not be unequivocally estab-
lished owing to the presence of only one reflection at small
angles. However, experimental Bragg distances (dexp) and
calculated parameters a of a hexagonal phase can be com-
pared to estimated diameters dcol of the mesogens in the col-
umns. For a lamellar phase, these diameters should be close

Figure 4. X-ray diffraction patterns (above) and schematic drawings
(below) of oriented fibres of 1 d. a) At 135 8C in the Colrd phase and b) at
170 8C in the Colhd phase. Fibres were prepared by extrusion at 200 8C.

Figure 5. Possible assembly of discotic HATNA mesogens in the rectan-
gular columnar mesophase. Alkyl chains are omitted for reason of clarity.
The mesogens could be translationally (A) or rotationally displaced (B)
with respect to adjacent molecules. Structure C illustrates the packing of
the columns in a rectangular non-centred lattice. The elliptic cross-section
of the columns indicate the inclination of mesogens with respect to the
columnar axis.
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to the dexp values, whereas for hexagonal columnar phases,
they should approach the a parameters. On the basis of a
model with segregated aliphatic chains uniformly surround-
ing a rigid aromatic core, the columnar diameter dcol can be
estimated from the volume fraction occupied by the CH2

groups,[31] the thickness of a columnar slice hcol, and the
radius of the HATNA core derived from a molecular model.
The height hcol is estimated to be 4.1 � for all phases, al-
though shoulders at smaller spacings have been detected.
This is rationalised by the uncertainty of the reflection maxi-
mum caused by overlap with the halo and by the lack of a
clearly identified origin of the diffuse scattering in this
range (since for the rectangular phase of 1 d the diffuse scat-
tering at 3.7 � does not seem to be related to the p stacks).

The results for the high-temper-
ature mesophases above 200 8C
are collected in Table 3. The es-
timated columnar diameters dcol

are 4–5 � larger than dexp

values, but deviate only by 1–
2 � from the a parameters of a
hexagonal unit cell. The re-
maining discrepancy between
parameters a and dcol can be ex-
plained by two factors: 1) the
non-circular shape of the aro-
matic core, which implies that
the unoccupied space between
the branches of the C3-symmet-
ric mesogen could be partially
occupied by the lateral alkyl
chains, 2) the experimental
error for dexp and hcol, which
are estimated to �0.2 � and
�0.5 �, respectively. The latter
is more pronounced because
there is only a diffuse signal as-
sociated with the intra-colum-
nar distance. Overall, the re-
sults point to a hexagonal struc-
ture for the high-temperature
mesophases.

Charge-carrier mobility : The
conducting properties of com-
pounds 1 a–1 d have been stud-
ied by means of the pulse-radi-
olysis time-resolved microwave-
conductivity technique.[32,33, 34]

Transient changes in the con-
ductivity of the freshly precipi-
tated samples are shown in
Figure 9. The temporal form
and magnitude of the transients
differ dramatically: from barely
detectable for 1 a to large and
long-lived for 1 c. Compounds

1 b and 1 d display intermediate behaviour with evidence for
a short-lived component that decays within the pulse fol-
lowed by a slower after-pulse decay. Mobilities have been
estimated from the end-of-pulse value of the slowly decay-
ing components for 1 b, 1 c and 1 d, and these are plotted as
a function of temperature in Figure 10.

For all three compounds �m1D, the sum of the hole and
electron mobilities, is found to increase gradually with in-
creasing temperature on the first heating run, up to a tem-
perature close to the first phase transition observed in the
DSC and temperature-dependent X-ray scans. Above this
temperature, an abrupt decrease in mobility occurs to a
value which remains almost constant on further heating to
the maximum temperature achievable by our setup, namely

Figure 6. a) DSC traces and b) temperature-dependent synchrotron radiation X-ray powder diffraction pat-
terns of 1 c, both at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic
scale.
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200 8C. Upon transition from the crystalline to the liquid-
crystalline phase, the side chains become more liquid-like,
and this “melting” of the side chains reduces the efficiency
of charge transfer between neighbouring hexaazatrinaphthy-
lene cores within the columnar stack on account of in-
creased molecular disorder. A common feature of a number
of different discotic materials is the decrease of mobility
upon phase transition from the crystalline to the liquid crys-
talline structure, and it remains relatively constant through-
out the liquid crystalline phase.[6] Table 4 gives the values of
�m1D at room temperature, just below the transition temper-

ature and in the columnar phase at the indicated tempera-
ture T. The difference in the absolute magnitudes of the mo-
bilities on changing the length of the peripheral alkyl chains,
particularly in the crystalline phases of the present com-
pounds, is not characteristic of other large aromatic discot-
ics, such as phthalocyanines[33] or hexabenzocoronenes;[6] for
such compounds, the temperature dependences and absolute
values of �m1D were found to be only moderately dependent
on the chain length. The large differences observed for the
present materials can be rationalised by the different mor-
phologies of the crystals after preparation. The mobility of
charges depends critically on the overlap of the frontier or-
bitals in the crystal or in the liquid crystal.[11,16] Precise struc-
tural information necessary for accurate theoretical calcula-
tions is not available for these compounds because single
crystals of sufficient quality could not be obtained. Figure 3
and Figure 6 exhibit reflections at approximately 3.5 � in
the crystal phases of 1 c and 1 d that may be attributed to a
p-stacking distance. These disappear on entering the LC
phase. The charge-carrier mobility decreases concurrently
with the structural change. While this 3.5 � reflection has
not been observed in 1 b, the high charge-carrier mobility
suggests a similar p stacking as for the crystal structures Cr0

of 1 c and 1 d. In contrast, 1 a shows a very low charge-carri-
er mobility in the Cr1 phase, which may be explained by in-
sufficient overlap of the aromatic cores of adjacent mole-
cules in the body-centred unit cell.[19]

As can be seen in Figure 10, only in compound 1 b does
the mobility return close to the same trajectory on cooling.
In the cases of 1 c and 1 d, there is no indication of a return
to the initial crystalline phase with the higher mobility. This
is in agreement with the DSC and X-ray data that indicate
the absence of the initial crystal phase Cr0 and the reflection
at approximately 3.5 � for 1 c and 1 d upon cooling. Com-
pound 1 b returns reversibly to its Cr1 phase at high temper-
ature, but not to the initial crystal Cr0, which is evidenced
by DSC traces. The phases Cr2 and Cr1 of 1 b still show mo-
bilities similar to the virgin material. For all three com-
pounds, the second heating trajectory closely follows the
data obtained on cooling and the values of �m1D at high
temperatures are reproduced within the limits of experimen-
tal error.

Because the mobility is dependent on intracolumnar
order and less on the intercolumnar ordering,[6,35] the mobili-

Figure 7. a) X-ray powder diffraction patterns of 1c at 134 8C (Siemens
D500 Kristalloflex, q/q-goniometer) and b) 2D X-ray pattern obtained
with an extruded fibre at 130 8C. The reflections with low intensity at
medium angles determine the order along the c axis.

Table 3. Comparison of experimental values, dexp and a, with columnar
diameter dcol estimated by considering the specific volumes VCH2

, Vcore for
the high temperature mesophase.

Compound T [8C] VCH2

[a] dcol [�][b] dexp [�] a [�][c]

1a 220 1115 24.2 20.5 23.6
1b 200 1467 26.4 22.2 25.6
1c 225 1864 28.6 23.0 26.6
1d 205 2208 30.4 25.5 29.5

[a] VCH2
is the volume fraction occupied by methylene groups, estimated

by VCH2
= 26.56 + 0.02 T [T 8C].[31] [b] The columnar diameter was esti-

mated by dcol = 2 � rcol ; rcol is derived from rcol =
p

(VCH2
/(p�hcol) +

r2
core); hcol is the average distance of mesogens along a column and is esti-

mated to 4.1 �; rcore is the radius of the aromatic centre, rcore = 7.75 �.
[c] a is the cell parameter of a hypothetical hexagonal unit cell calculated
from experimental data by a = 2 � dexp/

p
3.

Table 4. The one-dimensional charge-carrier mobilities, �m1D [cm2 V�1 s�1],
for the first heating and cooling cycle at room temperature, at the tem-
perature of maximum mobility in the crystalline phase, in the columnar
mesophase and on returning to room temperature. The final column
gives the mobility at 180 8C after a second heating phase.

1st heating 1st cooling 2nd heating
Com-
pound

m (RT) mmax [T] mLC [T] m (RT) m (180 8C)
[cm2 V�1 s�1] [cm2 V�1 s�1] [cm2 V�1 s�1]

1a <0.01 – – – –
1b 0.07 0.29 (160 8C) 0.05 (180 8C) 0.10 0.07
1c 0.59 0.87 (85 8C) 0.26 (180 8C) 0.13 0.32
1d 0.27 0.28 (40 8C) 0.02 (110 8C) 0.04 –
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ties in the mesophase are relatively temperature-independ-
ent, despite rearrangements of the column ordering (from
rectangular to hexagonal packing, for example). The source
of the higher mobility in the liquid-crystalline phases of 1 c,
as compared to the other compounds, is not immediately ap-
parent from the X-ray data. The structure in the Colrd1

phase of 1 c is quite similar to the Colrd phase of 1 d (see
Table 2). However, the mobility value in the latter is ap-
proximately one order of magnitude lower. X-ray diffraction
of LC phases can determine the overall symmetry of colum-
nar organisation and average intracolumnar distances be-
tween aromatic mesogens. However, for the present
HATNA molecules, more detailed information on the supra-
molecular assembly along the columns is necessary to corre-
late the charge transport and the structural data. Obviously,
the alkyl chains have a large impact on the p stacking of the

aromatic mesogens, and thus on
the charge-carrier mobility. The
mobilities determined for the
HATNA derivatives in the mes-
ophase described in this work are
higher than the mesophase mo-
bilities (�m1D<0.01 cm2 V�1 s�1)
found for the similar hexakis-
(hexylthio)triphenyene.[6,36]

Conclusion

Hexaazatriphenylenes deriva-
tives with an electron-deficient
core containing six nitrogen
atoms and substituted by six
electron-donating alkylsulfanyl
chains at the periphery, have
been designed to efficiently
transport electrons. The mole-
cules possess a low reduction
potential of �1.09 V. The ali-
phatic side-chains induce liquid
crystalline phases. Mesogens
with the shortest chains (hexyl
and octyl) show only one meso-
phase (Colhd) at high tempera-
tures. Mesogens with longer
chains (decyl and dodecyl) form
columnar mesophases of lower
symmetry (Colrd) at lower tem-
peratures and even an aniso-
tropic plastic phase has been
found as an intermediate state
between the crystal and liquid
crystal phases for 1 c. Along the
columns, mesogens do not pack
in an eclipsed conformation; it
can be thus assumed that adja-
cent molecules are rotationally

or translationally displaced. There is a significant variability
of the measured LC phase mobilities (from 0.02 to
0.32 cm2 V�1 s�1) with changes in the side-chain length. Ap-
parently, the side-chains have a strong influence on the in-
tracolumnar ordering of these molecules. This contrasts with
the results of studies on larger discotic molecules, such as
hexabenzocoronenes,[6] for which the mobilities in the LC
phase are found to be primarily independent of the side-
chains. The LC mobilities in the hexabenzocoronenes have
the same order of magnitude as those found in the present
compounds (~0.3 cm2 V�1 s�1).

In summary, the HATNA molecules emerge as promising
semiconductors owing to their high charge-carrier mobilities.
The core is electron-deficient and should facilitate electron
injection, thus making these compounds good electron trans-
porters. However, transition temperatures are currently too

Figure 8. Temperature-dependent synchrotron radiation X-ray powder diffraction patterns of a) 1 b and b) 1 a
measured at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic scale.
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high for practical use. Work is in progress to lower the melt-
ing and clearing temperatures in order to obtain LC phases
at room temperature and an isotropic phase below 200 8C.

Experimental Section

Solvents and reagents were purchased from Aldrich and used as received.
Column chromatography was performed on silica gel (Merck silica gel 60,
mesh size: 0.2–0.5 mm). 1H NMR spectra were recorded in CDCl3 as the
solvent on a Bruker Avance 300 with the solvent signal as the internal
standard. Mass spectra were recorded on a VG Micromass 7070F instru-
ment (electron impact, 70 eV) and a VG analytical ZAB 2-SE-FPD: FD
(8 kV). Elemental analysis was carried out at the microanalytical labora-
tory of the University of Mainz (Germany). The thermal behaviour of all
the materials synthesised was investigated by polarising optical microsco-
py (JENA microscope equipped with a Mettler FP 52 hot stage) and dif-
ferential scanning calorimetry (Mettler Toledo DSC 821, 3–9 mg samples
in closed Al pans) with heating and cooling scans performed at ramping
rates of 10 8C min�1. Powder X-ray diffraction measurements were per-
formed on the X33 camera of the European Molecular Biology Labora-
tory at the storage ring DORISIII of the Deutsches Elektronen Synchro-
tron (DESY), Hamburg (Germany). Diffraction patterns were collected
in transmission in series of frames of l0 s or 6 s each with two-position
sensitive delay line readout detectors connected in series.[37, 38] The
sample temperature was controlled with a Mettler FP-82 HT heating
stage under a nitrogen flux. The data were normalised to the intensity of
the primary beam with the SAPOKO program.[39] The modulus of the
scattering vector (s = 2 sinq/l, where 2q is the Bragg angle and l the
wavelength (1.5 �)) was calibrated with tripalmitin and/or rat tail colla-
gen in the small s region and benzoic acid in the high s region. The X-ray
powder diffraction patterns of 1c at 134 8C were recorded on a Sie-
mens D 500 Kristalloflex with a graphite-monochromatised CuKa X-ray
beam emitted from a Rigaku RV-300 rotating anode source. The temper-
ature of the sample on the copper sample holder was monitored with a
bimetal sensor, previously calibrated by reference measurements. The
WAXS measurements on aligned samples obtained by extrusion at

220 8C were made with a rotating anode (Rigaku 18 kW) source with pin-
hole collimation equipped with a graphite double monochromator (l =

0.154 nm) and a Siemens area detector with 1024 � 1024 pixels. The beam
diameter was �0.5 mm and the sample-to-detector distance was 80 mm.
Measurements were performed on cylindrical filaments with a thickness
of 0.7 mm. The patterns were recorded with vertical orientation of the fil-
ament axis and with the beam perpendicular to the filament.

The cyclic voltammetry studies were carried out in dichloromethane so-
lution of compounds 1 (10�4–10�3

m). Tetra-n-butylammonium perchlorate
was used as the supporting electrolyte in a conventional three-compart-
ment cell, equipped with a glassy carbon, SCE and platinum wire as
working, reference and auxiliary electrodes, respectively. Measurements
were carried out under an inert atmosphere with an Autolab (Eco
Chemie) PGSTAT30 potentiostat with a Scan-Gen module at a scan rate
of typically 200 mV s�1.

The pulse-radiolysis time-resolved microwave-conductivity technique and
method of data analysis as applied to discotic materials have been previ-
ously described in detail.[33, 34] Briefly, solid samples in the form of pow-
ders are compressed into a Ka-band (�30 GHz) microwave cell. Uni-
form micromolar concentrations of charge carriers are produced in the
sample by a 2—50 nanosecond pulse of 3 MeV electrons from a van de
Graaff accelerator. This method of ionisation has the advantage that it
does not perturb the primary or higher order molecular structure of the

Figure 9. Room-temperature microwave conductivity transients of freshly
precipitated samples of 1a, 1b, 1c and 1 d with 2 ns (1c) or 5 ns (1 a, 1b,
1d) electron pulses.

Figure 10. One-dimensional, intracolumnar charge-carrier mobilities
(�m1D) as a function of temperature for 1b, 1c and 1d for the first heating
(*) and cooling (*) trajectories. The vertical arrows indicate the temper-
atures at which a peak appears in the DSC measurements (see Table 1).
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material, as is the case for other procedures, such as chemical doping.[40]

The amount of energy deposited in the sample, DJ m�3, is accurately
known from dosimetry and the beam charge in the pulse which is rou-
tinely measured. If the charge carriers are mobile, microwaves propagat-
ing through the sample are attenuated and this is monitored as a reduc-
tion in the microwave power reflected by the cell on irradiation. The
change in conductivity, Ds/D, is derived from the change in microwave
power, DP/P, using the known sensitivity factor A [Eq. (1)].

DP
P
¼ �ADs ð1Þ

If the lifetime of the charge carriers is much longer than the pulse width,
the sum of the one-dimensional, intracolumnar mobilities, �m1D, can be
calculated from the dose-normalised end-of-pulse conductivity according
to Equation (2).

X
m1D ¼

3 EP½Dseop=D�
Weop

ð2Þ

Where Ep is the average energy absorbed in electron volts per initial ioni-
sation event, which is taken to be �25 eV for the present materials.[41, 42]

Weop is the probability that the initially formed electrons and holes
become localised on separate columnar stacks and do not decay within
the pulse. The values of Weop, calculated as described previously,[33] were
0.39, 0.47, 0.49 and 0.51 for 1a, 1 b, 1 c and 1 d, respectively. A factor of 3
is included in Equation (2) to take account of the random orientation of
the columnar stacks in the samples studied. Whereas the values for the
absolute mobilities are subject to error (�25%), the relative values are
expected to be highly accurate.

General procedure for the synthesis of 1: Potassium carbonate
(61.5 mmol) and an excess of 1-alkylthiol (20.6 mmol) were added to a
solution of hexachlorodiquinoxalino phenazine[17] (1.7 mmol) in N,N-di-
methylformamide (100 mL). This solution was heated at 85 8C and stirred
for four days under nitrogen. The reaction mixture was then poured into
a large volume of water and neutralised with hydrochloric acid. The
yellow precipitate was filtered and washed with copious amounts of
water. The crude orange material was purified as indicated below.

2,3,8,9,14,15-Hexahexylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 a): The crude solid was purified by column chromatography (silica,
CHCl3/hexane, gradient from 0:10 to 6:4), and the solvent was evaporat-
ed to give 1.30 g (1.2 mmol) of a yellow solid. Yield: 69.9 %; 1H NMR
(300 MHz, CDCl3): d = 0.95 (t, 18 H; CH3), 1.40 (m, 24 H; CH2), 1.59
(m, 12H; CH2), 1.89 (q, 12 H; CH2), 3.23 (t, 12 H; SCH2), 8.21 ppm (s,
6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.4, 142.4, 141.5,
123.18 (arom. C), 33.2, 31.4, 28.9, 28.1, 22.6, 14.0 ppm (aliph. C); FD-MS:
m/z (%): 1083 (80/[M+2H]+), 540 (100 [M]2+); elemental analysis calcd
(%) for C60H84N6S6: C 66.62, H 7.83, N 7.77; found: C 66.91, H 8.00, N
7.66.

2,3,8,9,14,15-Hexaoctylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 b): Two consecutive crystallisations from ethanol/toluene and hexane/
toluene afforded 137 mg (0.11 mmol) of a yellow solid. Yield 67 %;
1H NMR (300 MHz, CDCl3): d = 0.91 (t, 18H; CH3), 1.32 (m, 48H;
CH2), 1.58 (m, 12 H; CH2), 1.90 (q, 12 H; CH2), 3.22 (t, 12 H; SCH2),
8.18 ppm (s, 6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.3,
142.4, 141.4, 123.1 (arom. C), 33.2, 31.8, 29.5–29.2, 28.1, 22.6, 14.1 ppm
(aliph. C); FD-MS: m/z (%): 1250 (100/[M+H]+ C); elemental analysis
calcd (%) for C72H108N6S6: C 69.18, H 8.71, N 6.72; found: C 68.85, H
8.57, N 6.67.

2,3,8,9,14,15-Hexadecylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 c): Two consecutive crystallisations from ethanol/toluene and hexane
afforded 467 mg (0.33 mmol) of a brownish solid. Yield 61%; 1H NMR
(300 MHz, CDCl3): d = 0.89 (t, 18 H; CH3), 1.30 (m, 72 H; CH2), 1.59
(m, 12H; CH2), 1.92 (m, 12 H; CH2), 3.23 (t, 12H; SCH2), 8.21 ppm (s,
6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.4, 142.4, 141.5,
123.2 (arom. C), 33.2, 31.9, 29.6–29.2, 28.1, 22.7, 14.1 ppm (aliph. C); FD-
MS: m/z (%): 1418 (100 [M]+ C); elemental analysis calcd (%) for
C84H132N6S6 (%): C 71.13, H 9.38, N 5.93; found: C 71.08, H 9.48, N 5.81.

2,3,8,9,14,15-Hexadodecylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 d): The crude solid was purified by column chromatography (silica,
CHCl3/hexane 6:4). After evaporation of the solvent, the solid obtained
was purified further by washing the solids with methyl alcohol several
times to eliminate the excess of sulfanyl chain. Filtration afforded 1.08 g
(0.68 mmol) of a brown solid. Yield 57 %; 1H NMR (300 MHz, CDCl3): d

= 0.88 (t, 18 H; CH3), 1.28 (m, 96 H; CH2), 1.61 (m, 12H; CH2), 1.90 (m,
12H; CH2), 3.24 (t, 12H; SCH2), 8.22 ppm (s, 6H; arom. CH); 13C NMR
(75 MHz, CDCl3): d = 144.5, 142.4, 141.5, 123.2 (arom. C), 33.2, 31.9,
29.7–29.2, 28.1, 22.7, 14.1 ppm (aliph. C); FD-MS: m/z (%): 1586
(100 [M]+ C); elemental analysis calcd (%) for C96H156N6S6 (%): C 72.67, H
9.91, N 5.30; found: C 72.68, H 9.70, N 5.04.
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